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Tiivistelmä 
 
Kissan normaalin sarveiskalvon ja kahden sarveiskalvon sekvesterin rakennetta kartoitettiin valo- ja 
läpäisyelektronimikroskopian avulla. Uudempaa tekniikkaa, näytepinnan automatisoitua 
pyyhkäisyelektronimikroskooppista sarjakuvantamista hyödynnettiin kissan sarveiskalvon levyepiteelisolun ja 
sarveiskalvon pinnan kolmiulotteiseen mallintamiseen. 
 
Kissan sarveiskalvosekvesterit ovat rajattuja, pigmentoituja kuoliokappaleita sarveiskalvon stroomassa. Aikaisemmista 
tutkimuksista huolimatta sekvesterin etiologiaa, patogeneesiä tai pigmentin aiheuttajaa ei ole pystytty selvittämään. 
Läpäisyelektronimikroskooppiset tutkimukset eivät ole riittäneet pigmentin tunnistamiseen tai strooman solujen, 
keratosyyttien, roolin selvittämiseen sekvesterin taudinkuvassa. Sekvestereitä ei ole aikaisemmin tutkittu kolmiulotteisilla 
elektronimikroskooppisilla kuvantamismenetelmillä, joten tässä tutkimuksessa aloitettiin työ kehittämällä sopiva 
näytteenvalmistusmenetelmä sarveiskalvon tutkimiseksi. 
 
Kontrollinäytteen valo- ja elektronimikroskooppisten tutkimusten tulokset vastasivat nykykäsitystä kissan sarveiskalvon 
normaalianatomiasta. Strooman kollageenisälekerrokset olivat säännöllisiä, ja normaalit keratosyytit sisälsivät runsaasti 
karkeaa solulimakalvostoa, mikä liittyy kollageenisäikeiden tuottamiseen. Lievästä sekvesterinäyteestä löytyi liuskoittuneita 
kollageenisäleitä ja apoptoottisia tai nekroottisia keratosyyttejä. Pahalaatuisessa sekvesterinäytteessä havaittiin strooman 
normaalin kaltainen säännöllinen rakenne, ehjiä keratosyyttejä, ja runsas määrä elektroneja läpäiseviä profiileja, joita ei 
havaittu muissa näytteissä. Näissä rakenteissa on voinut olla pigmenttirakkuloita, jotka ovat huuhtoutuneet 
näytteenvalmistuksessa pois. 
 
Kissan sarveiskalvon epiteelisolujen kolmiulotteinen analyysi osoitti pieniä sormimaisia ulokkeita joilla vierekkäiset solut 
kiinnittyvät toisiinsa. Epiteelisolun tuma oli kiekkomainen, siillä oli litteä pinta ja ulospäin kaareva pohja. Kolme erilaista 
pinnallisen levyepiteelisolun pintarakennemallia tunnistettiin: sormimaisia rakenteita, labyrinttimainen verkosto poimuja ja 
näiden yhdistelmä. 
 
Tutkimuksessa onnistuttiin kehittämään sopiva menetelmä sarveiskalvonäytteen valmistamiseksi kolmiulotteista 
sarjakuvantamista varten. Tutkimusta voidaan jatkaa sarveiskalvon strooman ja keratosyyttien kuvantamiseksi. 
Lisänäytteet mahdollistaisivat kissan normaalin sarveiskalvon ja sekvesterin keratosyyttien vertailun. Erot keratosyyttien 
rakenteessa osoittaisivat, että soluilla voi olla osuus sarveiskalvon sekvestereiden muodostumisessa. 
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Abstract 
 
The morphology of a normal feline cornea and two sequestra were characterised using light microscopy (LM) and 
transmission electron microscopy (TEM). A modern technique, serial block face scanning electron microscopy (SB-EM), 
was used to reconstruct a three-dimensional model of a feline corneal squamous epithelial cell and the apical corneal 
surface. 
 
Feline corneal sequestra are demarcated, pigmented plaques affecting the corneal stroma. The aetiology, pathogenesis 
and cause of the pigmentation remain elusive despite previous studies. TEM analysis has been applied in the study of 
sequestra, but further studies on sequestrum ultrastructure are needed to identify the cause of the pigmentation and reveal 
the role of keratocytes in the pathogenesis of the lesion. Three-dimensional techniques have not been used before in the 
study of feline corneal sequestra, so this served as a pilot study with the aim to modify a suitable protocol for preparing 
corneal specimens for SB-EM imaging. 
 
LM and TEM analysis of the control specimen concurred with previous findings of normal feline corneal anatomy. Normal 
stroma displayed organised lamellae, and keratocytes contained abundant rough endoplasmic reticulum associated with 
secretion of collagen filaments. The mild sequestrum illustrated detached stromal lamellae and apoptotic or necrotic 
keratocytes. The severe sequestrum depicted the regular appearance of stromal lamellae. Intact, though abnormal, 
keratocytes contained and were surrounded by numerous electron lucent profiles. The structures may have been pigment 
granules that washed away during specimen preparation. 
 
SB-EM analysis of feline corneal epithelial cell ultrastructure revealed intricate finger like protrusions which adjacent cells 
use to interlock with each other. The nucleus was discoid with a flat apical and a slightly convex posterior surface. Three 
different surface structures of apical squamous epithelial cells were identified: microvilli, labyrinthine microplicae, and a 
combination of these.   
 
A suitable protocol for the preparation of corneal specimens for SB-EM was achieved. This study can be continued in 
attempt to image corneal stroma and keratocytes. With additional control and sequestrum specimens the morphology of 
keratocytes in the normal feline cornea and corneal sequestra could be compared. Differences may indicate that 
keratocytes play a role in the pathogenesis of corneal sequestra. 
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ABBREVIATIONS 
 
 
DSH Domestic Short Hair 
DW distilled water 
FA formaldehyde 
GA glutaraldehyde 
LM light microscopy 
NaCac sodium cacodylate 
RER rough endoplasmic reticulum 
RT room temperature 
SB-EM serial block face scanning electron microscopy 
SEM scanning electron microscopy 
TEM transmission electron microscopy 
2D two-dimensional 
3D three-dimensional 
  
GLOSSARY 
 
 
adnexa  structures surrounding and in association with the eye 
bandage contact lens contact lens used to protect the eye after surgery 
blepharospasm spasm of the eyelids 
brachycephalic short nosed 
chromodacryorrhea tears pigmented red or brown 
conjunctival pedicle graft a partially dissected part of the conjunctiva transplanted to 
support the surgery site of the cornea and promote healing 
distichiasis  abnormal position of an eyelash 
Elizabethan collar a cone shaped collar preventing self-inflicted trauma 
entropion  inversion of the eyelid margin 
enucleation  surgical removal of the eye 
epiphora  excessive production of tears 
exophthalmos protrusion of one or both eyes from the orbit 
keratitis  inflammation of the cornea 
keratoconjunctivitis sicca dryness of the cornea caused by insufficient tear production 
lagophthalmos inability to close the eyelids completely 
mucinomimetic imitating the inner mucoid layer of the tear film 
neovascularization the formation of new blood vessels 
neuritis  inflammation of a nerve 
palpebra  eyelid 
porphyrin  a photosensitive pigment 
refraction change in the direction of light rays when they enter a 
medium with a different wave velocity 
retinochoroiditis inflammation of the retina and choroid 
sequestrum  a fragment of dead tissue separate healthy structure 
ulceration  wounding 
uveitis  inflammation of the iris, choroid and ciliary body  
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1 INTRODUCTION 
 
 
Feline corneal sequestra were first described in the literature in the 1960’s, but the 
pathogenesis and aetiology of the condition remains elusive even today. Corneal 
sequestra are fairly common lesions in feline ophthalmologic patients and the treatment 
protocols applied today are similar to those practised when the condition was first 
described. Microscopy techniques have been used to clarify the ultrastructure of 
sequestra and reveal cells and other components attributing to the grotesque 
appearance of these lesions. The cause of the pigmentation remains under debate. Only 
two reports exist on the study of feline corneal sequestra using transmission electron 
microscopy (TEM), and modern three-dimensional (3D) electron microscopy techniques 
have not been used before in the study of these lesions. In general, two-dimensional 
(2D) TEM imaging provides more detailed information on the ultrastructure of the 
specimen than 3D techniques, such as serial block face scanning electron microscopy 
(SB-EM), which in turn confirms 3D ultrastructure with much more accuracy than TEM.  
The aim of this study was to perfect a suitable protocol for corneal specimen preparation 
for SB-EM and conduct preliminary experimentation using SB-EM to see whether the 
technique was applicable to investigating feline cornea. Before conducting SB-EM 
imaging, light microscopy (LM) and TEM analyses were performed to a control specimen 
of a clinically normal feline cornea and two corneal sequestrum specimens of different 
stages of the developing eye disease. The aim of these analyses was to compare findings 
in the specimens and find out if the protocol is suitable for the preparation of both 
normal and sequestered cornea. In addition, normal corneal anatomy and the current 
knowledge of feline corneal sequestra have been reviewed. 
 
The topic for this licentiate thesis arose from a personal interest in feline ophthalmology. 
While writing my candidate thesis on feline persistent corneal ulcerations I became 
acquainted with feline corneal sequestra. The Electron Microscopy Unit, Institute of 
Biotechnology, University of Helsinki, provided high level equipment and supervision for 
me to conduct this study. 
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2 REVIEW OF THE LITERATURE 
 
 
2.1 Normal corneal anatomy 
 
From a functional perspective the most important components of the eye are structures 
refracting light and cells that are able to transmit sensory information to the central 
nervous system. The amount of light has to be regulated according to need and this 
delicate organ must be supported and protected from the outside. Important features 
of mammalian eyes are the cornea with the precorneal tear film, the aqueous humour 
of the anterior chamber, the lens, and the vitreous body, all of which are involved in 
light refraction. Light is detected by the retina which transduces it to sensory 
information and transmits it to the central nervous system. Structures involved in 
regulating the amount of light passing to the retina are the palpebrae, the iris, the 
nictitating membrane, and the tapetum lucidum present in many animals. Support and 
protection of the eye are provided by the corneal stroma, the opaque fibrous sclera, and 
extrabulbarly the orbit and its fat, the palpebrae with their ciliae and the nictitating 
membrane (Maggs et al. 2008). Figure 1 portrays the different anatomical structures of 
the canine eye, but the structures are essentially the same in the feline eye. 
 
 
 
Figure 1. Anatomy of the eye and adnexa. Modified from Maggs et al. (2008). 
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The cornea is the transparent part of the outer fibrous coat of the eye and the structure 
responsible for about 70–80% of the whole refractive ability of mammalian eyes 
(Moodie et al. 2001).  Another important function of the cornea is to shield the eye from 
trauma and maintain its correct shape. The cornea comprises five layers which are 
described below and depicted in Figure 2. The structure and shape of cells forming each 
layer are distinctive and serve the functional role of the layer in question. 
 
2.1.1 Epithelium and basement membrane 
 
The most anterior layer of the cornea is the precorneal tear film, composed of an outer 
lipid layer, a middle aqueous layer, and inner mucoid layer that adheres to microvilli 
protruding from the surface epithelial cells. The main functions of the tear film are to 
lubricate and protect the cornea from irritation, diffuse atmospheric oxygen to anterior 
parts of the cornea and contribute to corneal smoothness allowing efficient refraction. 
The anterior-most cellular layer is the epithelium, which is composed of several layers 
of cells. Squamous cells lie on the surface above polygonal wing cells that lie over 
columnar basal epithelial cells (Maggs et al. 2008). Squamous epithelial cells are 
 
 
Figure 2. Histology of the normal feline cornea. Light microscopy image of a thin section 
stained with Toluidine blue. Epithelium (E), location of the epithelial basement 
membrane (BM), stroma (S), Descemet’s membrane (D), and endothelium (*) are 
indicated. The inset illustrates the epithelial cell layers indicating squamous epithelial 
cells (Q), wing cells (W) and basal cells (B). 
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connected to one another by tight junctions, and desmosomes attach adjacent wing and 
basal cells together. The plasma membranes of epithelial cells are heavily pleated, which 
increases the surface area of the membrane in comparison to cell size. The numerous 
cell-to-cell adhesions between large surface areas of plasma membrane make the 
epithelium quite strong and resistant to the continuous activity of the palpebrae. 
Hemidesmosomes attach the basal epithelial cells to a thin basement membrane (Cross 
& Mercer 1993, Maggs et al. 2008). The literature is inconclusive whether Bowman’s 
layer exists in cats or not. It is an acellular layer associated with the epithelial basement 
membrane that is most prominent in primate corneas. Merindano et al. (2002) found 
that it is absent in mammalian carnivores and Hayashi et al. (2002) mentioned 
Bowman’s layer in their study including cats. Cullen et al. (2005) refer to a thin acellular 
layer similar to Bowman’s layer in their study of feline corneal sequestra. Proliferation 
and regeneration of the epithelium is facilitated by stem cells migrating from the edge 
of the cornea, known as the limbus, towards the centre of the cornea and replacing basal 
epithelial cells. Basal cells divide, flatten and move towards the surface of the cornea 
first becoming wing cells and then, by losing organelles, become squamous surface 
epithelial cells (Maggs et al. 2008). Free trigeminal nerve endings sensitive to touch are 
present in numerous amounts within the corneal epithelium. They aid in the protection 
of the cornea by triggering the blinking reflex which spreads more fluid onto the cornea 
and wipes away debris (Cross & Mercer 1993). 
 
2.1.2 Stroma 
 
The stroma comprises 90% of corneal thickness and consists of type I collagen fibrils 
(Cross & Mercer 1993, Pavelka & Roth 2005), specialised fibrocytes called keratocytes 
and ground substance such as mucoproteins and proteoglycans (Maggs et al. 2008). The 
collagen fibrils and ground substance are produced by the keratocytes and the ground 
substance holds the fibrils together in a pseudo-hexagonal arrangement to form 
lamellae (Maggs et al. 2008, Parfitt et al. 2010). The fibrils of subsequent lamellae are at 
angles to one another and run across the whole cornea. This precise organisation and 
the sparse distribution of keratocytes are responsible for the transparency and rigidity 
of the cornea and also minimise scattering of light rays in order to provide a clear picture 
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to project onto the retina (Maggs et al. 2008). Using TEM, Cullen et al. (2005) described 
elongated keratocytes with irregularly shaped nuclei in normal feline corneal stroma. 
The cytoplasm of keratocytes contained abundant rough endoplasmic reticulum (RER) 
and plenty of membrane-bound vesicles with electron-lucent content highlighting the 
secretory function of these cells (Alberts et al. 2007). 
 
2.1.3 Descemet’s membrane and endothelium 
 
Below the stroma lies Descemet’s membrane, the basement membrane of the corneal 
endothelium composed of laminin, fibronectin, the proteoglycans heparan, keratan, and 
dermatan sulphate, type IV collagen, and type VIII collagen, which is otherwise rare in 
the body (Cross & Mercer 1993). Throughout an animal’s life endothelial cells produce 
the range of proteins that make up Descemet’s membrane, so the membrane thickens 
with age. The endothelium lines the anterior chamber and is made up of a single layer 
of squamous cells. The cells are post mitotic in adults of most domestic species and 
therefore the endothelium has limited ability to regenerate. Loss of endothelial cells 
causes remaining cells to stretch in order to fill gaps. However, with enough loss of 
endothelial cells, permanent gaps will remain in this layer. The function of the corneal 
endothelium is to pump ions from the stroma into the aqueous humour of the anterior 
chamber which draws water out of the stroma keeping it in a fairly dehydrated and thus 
transparent state. Gaps in the endothelium result in oedema of the stroma when this 
action is lacking, and the cornea becomes more opaque. This is seen in several 
situations, for example as a consequence of ageing, congenital factors or trauma (Maggs 
et al. 2008). 
 
2.1.4 Distinctive features of the feline eyes versus other species 
 
Several features of feline eyes show great adaptation to nocturnal vision compared with 
eyes of other mammalian species. The most notable difference is the vertical slit pupil 
which allows the pupil to increase much wider in dim light and decrease to form a 
notably smaller aperture in bright light than the circular or elliptical pupil, so feline eyes 
are very efficient in controlling the amount of light refracted to the retina. Another 
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prominent feature is the tapetum lucidum, which is also present in many other species, 
but most prominent in nocturnally active species such as the cat. The tapetum lucidum 
is a part of the pigment epithelium of the retina. Light rays that are not directly absorbed 
by the retina’s rod and cone cells are reflected by the tapetum lucidum and may be 
absorbed from the reflection, so the tapetum functionally amplifies light within the eye. 
The feline eye detects light at a threshold level of down to a seventh to that of the 
human eye, and the feline tapetum lucidum is about 130 times more reflective than the 
human fundus. In relation to many other species, the feline eye has a large cornea which 
catches light efficiently, a deep anterior chamber and a posteriorly attached lens that 
function together to aid an accurate but small picture to form on the retina with little 
light. The feline retina is also specialised in seeing well at night because of its large 
quantity of rod cells which are sensitive to light (Maggs et al. 2008). 
 
Kafarnik et al. (2007) measured the mean full corneal thickness of cats, which was 592 
± 80 µm (mean ± standard deviation, n=21 specimens). The same study concluded that 
there was no significant difference in full corneal thickness between cats and dogs, the 
latter of which was 585 ± 79 µm (n=22). Dog breeds represented in the study ranged 
from Jack Russell Terrier to Golden Retriever so it is reasonable to presume that the 
average size of the dogs was larger than the average size of the cats. This, in turn, leads 
to question if cats indeed have a thicker cornea than dogs in relation to animal size. 
 
2.2 Corneal sequestra  
 
Corneal pathologies resembling what is now called corneal sequestration were first 
described by Roberts in 1964 and further described by Verwer in 1965 and Knecht et al. 
in 1966. Many synonyms for corneal sequestration are used in the literature, such as 
corneal mummification, corneal nigrum, and corneal necrosis, to name the most 
common (Startup 1988). All names attempt to describe an area of corneal morbidity that 
is demarcated from normal, live corneal tissue. Numerous studies have been conducted 
to determine the cause and composition of the lesions, but no indisputable data exists 
to date that would explain the aetiology and pathogenesis of corneal sequestra and the 
composition of the pigmentation. 
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2.2.1 Clinical presentation and predisposing factors 
 
Pentlarge (1989) reported a 7% incidence of corneal sequestra in feline ophthalmologic 
patients. Startup (1988) described the clinical presentation of corneal sequestra based 
on observations of 100 cases. Sequestrum formation follows no clear age or sex 
prevalence (Gelatt et al. 1973, Formston et al. 1974, Startup 1988, Pentlarge 1989, 
Morgan 1994, Featherstone & Sansom 2004). The youngest cat with a corneal 
sequestrum was five months old and the oldest 17 years, while 41% were two to four 
years old. Sequestra were most often unilateral, round or oval, pigmented, localised 
plaques in the central or paracentral areas of the cornea affecting the epithelium and 
the anterior stroma. The size of the sequestra varied from small to extensive, the 
average size being about 5 mm in diameter. Complete or partial sloughing of the plaque 
has been reported as well as corneal perforation, but the latter is a rare complication 
usually associated with an extensive lesion that sloughs and leaves the cornea very thin 
and vulnerable (Startup 1988). Typical symptoms seen with sequestra included 
epiphora, blepharospasm, mild to severe ocular discomfort and superficial 
neovascularisation (Verwer 1965, Knecht et al. 1966, Souri 1975).  
 
Several predisposing factors have been associated with the formation of corneal 
sequestra. These include breed predisposition, conformational exophthalmos or 
lagophthalmos, corneal trauma or chronic irritation, chronic ulcerative keratitis, use of 
topical corticosteroids, abnormalities of the tear film, primary corneal dystrophy, 
metabolic defect of the stroma and feline herpesvirus-1 (FHV-1) infection (Gelatt et al. 
1973, Souri 1975, Startup 1988, Pentlarge 1989). 
 
The literature reports different cat breeds with a predisposition to corneal sequestra. 
Most reports agree that sequestration is most common in brachycephalic breeds with 
protruding eyes, such as the Persian and the Himalayan (Gelatt et al. 1973, Souri 1975, 
Featherstone & Sansom 2004, Cullen et al. 2005, Dalla et al. 2007). Several authors also 
report sequestra common in the Siamese and the Domestic Short Hair (DSH; Gelatt 
1971, Souri 1975). Pentlarge (1989) considered the connection between brown 
discolouration of tears in brachycephalic breeds and Siamese cats and the occurrence 
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of sequestra. Brown tears may occur in cats with or without sequestra. Idiopathic facial 
dermatitis is a condition of Persian cats that is characterised by black facial discharge 
that could be associated with the discolouration of tears and pigmentation of sequestra, 
but the origin of the discolouration is yet to be described (Featherstone & Sansom 2004). 
 
Chronic irritation has been seen to affect the localisation of the forming sequestrum. 
Irritation can be caused by distichiasis, entropion or other palpebral deformities, chronic 
ulcerative keratitis and tear film abnormalities. Usually sequestra are found in the 
central area of the cornea, but in cases where chronic irritation is present, especially if 
an ulcer is formed, the sequestrum often develops at the insulted site (Knecht et al. 
1966, Gelatt 1971, Gelatt et al. 1973). Deep or chronic corneal ulcers are often treated 
with mechanical debridement and grid keratotomy in dogs. In this procedure, the loose 
epithelium and necrotic tissue in the ulcer are debrided with a cotton tipped swab and 
small incisions in a grid conformation are made on the remaining ulcer and small margins 
of healthy corneal tissue. The literature reports that a similar procedure done in cats 
may lead to the formation of a sequestrum in place of the original ulcer, and grid 
keratotomy is therefore not recommended as a treatment for feline corneal ulcers (La 
Croix et al. 2001, Hartley 2010).  
 
Feline herpesvirus-1 (FHV-1) may be a contributor to the formation of corneal sequestra 
(Nasisse et al. 1998, Andrew 2001, Cullen et al. 2005). In the eye, FHV-1 replicates in 
epithelial cells, and during non-replicative phases remains latent in neural tissues like 
the trigeminal ganglion or in the cornea or conjunctiva. The occurrence of FHV-1 in 
various tissues can be confirmed by PCR analysis. FHV-1 is often reactivated when a cat 
is stressed. When active, FHV-1 can cause the formation of corneal ulcers, which may 
predispose to the formation of corneal sequestra (Nasisse et al. 1989, Nasisse et al. 
1998, Gemensky & Wilkie 2001, Stiles 2003). In one study FHV-1 DNA was found by PCR 
in 55.1% of sequestrum specimens (n=156) and 5.9% of control specimens from clinically 
normal corneas (n=17). The prevalence of FHV-1 DNA in sequestrum specimens of DSH 
cats was considerably higher (80%, n=25) than in the brachycephalic breeds Persian and 
Himalayan (42.7%, n=75 and 58.3%, n=24, respectively). This result led the authors to 
propose that the high prevalence in the DSH supports the theory that a corneal insult 
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leading to an ulcer is the initial pathogenesis in the formation of corneal sequestra 
because brachycephalic breeds have mechanical risks of corneal injury accounting for 
the remaining percentage of aetiologies behind the formation of corneal sequestra in 
these breeds (Nasisse et al. 1998). Topical corticosteroids may activate FHV-1 (Stiles 
2003) or inhibit immune responses to FHV-1 (Nasisse et al. 1989) or other pathogens 
causing keratitis and therefore play a role in predisposing to ulceration and sequestrum 
formation. 
 
Toxoplasma gondii, a protozoal parasite whose definitive hosts are the felids, causes a 
variety of ophthalmologic diseases in cats, most commonly retinochoroiditis, anterior 
uveitis and optic neuritis (Davidson & English 1998). The causative role of T. gondii in 
corneal pathologies has not been verified, but the presence of T. gondii in corneal 
specimens with sequestration has been studied along with bacterium Chlamydophila 
felis and Mycoplasma subspecies. Evidence of the former was found with PCR in four 
out of nine specimens, but all nine were negative for the two latter pathogens (Cullen 
et al. 2005). 
 
2.2.2 Ultrastructural findings 
 
Two types of sequestra have been described (Gelatt 1971, Formston et al. 1974, Startup 
1988). The less severe form is characterised by brown or black discolouration of an area 
in the anterior stroma, but the lesion doesn’t affect the epithelium. This type of 
sequestrum may lie dormant for up to seven years and may evolve rapidly or slowly into 
a more severe sequestrum on a later date (Gelatt et al. 1973). The more severe form is 
characterised by epithelial involvement and ulceration as well as more dramatic clinical 
signs such as pain and partial loss of vision due to poor penetration of light through the 
dark plaque (Formston et al. 1974, Startup 1988). Corneal sequestra do not usually stain 
with fluorescein, perhaps due to lack of ground substance for the stain to adhere to or 
regenerative epithelium covering the lesion. Rose bengal, however, stains lesions 
thoroughly, most likely because the outer layer of cells in a sequestrum are dead or 
degenerated (Souri 1972, Gelatt et al. 1973, Souri 1975). Slit lamp biomicroscopy allows 
evaluation of the extent of corneal involvement (Gelatt et al. 1973). 
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Melanin accumulation is debated as a cause of the pigmentation. Featherstone et al. 
(2004) confirmed the presence of granules consistent with the light microscopic 
appearance and ultraviolet absorbance spectrum of melanin. However, the presence of 
melanin was not confirmed in a TEM analysis of nine sequestrum specimens (Cullen et 
al. 2005). A fairly recent study reports that porphyrins, such as ones causing 
chromodacryorrhea in rats or tear staining in dogs, are not present in feline lacrimal 
glands, corneas or corneal sequestra specimens (Newkirk et al. 2011). 
 
Ejima et al. (1993) found a tenfold amount of iron in a single specimen of feline corneal 
sequestrum, but Featherstone et al. (2004) did not make similar observations using SEM 
in an elemental analysis of three sequestrum specimens. Neither of these studies 
provide a statistically relevant result or target pigment granules within the sequestra 
specimens. Elemental analysis could also be performed using TEM and this method 
would have the benefit of acquiring information of specific targets within a section 
(Weavers 1973). If the analysis was targeted to the pigment granules the results could 
be more conclusive. 
 
Cullen et al. (2005) described TEM findings in corneal sequestra. They found amorphous, 
electron-dense substance dispersed within the sequestered stroma. Peripherally the 
substance was continuous with the epithelial basement membrane and in the ulcerated 
area of the lesion the substance lay over disarranged collagen fibrils. They also depicted 
keratocytes between the disarranged collagen that indicated morphology of necrosis or 
apoptosis. 
 
2.2.3 Treatment options 
 
Keratectomy, which is a surgical procedure in which a part of the stroma with the 
overlying epithelium is excised, is considered the treatment of choice in severe cases of 
sequestration. Many clinicians apply a graft, for instance a conjunctival pedicle graft, to 
the site of keratectomy to support the cornea. In milder cases, such as when the 
epithelium is not affected or when there are no clinical signs associated with the lesion, 
conservative therapy may be considered. Important medications to be administered 
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several times daily, whether surgical intervention is chosen or not, include artificial tear 
supplementation and broad spectrum ophthalmic antibiotics to fight secondary 
bacterial invasions.  Optional medications reported to have potential benefits include 
mucinomimetic therapy (Cullen et al. 1999) and topical interferon α-2b application, 
which may even resolve the pigmentation (Featherstone & Sansom 2004). Active FHV-1 
infection can be depressed with the anti-herpes virus drug trifluridine, which is available 
in ophthalmic preparations, and oral interferon α (Gemensky & Wilkie 2001). Use of an 
Elizabethan collar or bandage contact lenses prevent the cat from inflicting further 
damage to its eyes and are therefore highly recommended (Featherstone & Sansom 
2004, Dalla et al. 2007). Use of topical corticosteroids has been noted to have little effect 
in the treatment of sequestra (Souri 1975) and they are not to be used in treatment of 
corneal ulcers because they impair immune responses and may lead to secondary 
infections. 
 
2.2.4 Sequestra in other species 
 
Corneal sequestration has been considered a condition unique to the cat, but rare case 
reports exist of a similar condition found in horses and dogs. Håkanson and Dubielzig 
(1994) described three cases of horses with clinical symptoms much alike feline corneal 
sequestra. McLellan and Archer (2000) described a case of corneal stromal 
sequestration and keratoconjunctivitis sicca in an old Shetland pony. Corneal 
sequestration has been found in canine eyes but only two cases have been reported in 
the literature (Bouhanna et al. 2008, Dubin et al. 2013). 
 
A condition referred to as the “black cornea” has been recognised in humans where the 
long term use of topical adrenaline compounds result in the formation of melanin 
plaques and pigmentation of Bowman’s layer and the stroma. When oxidised, 
adrenaline forms adrenochrome pigments thought to be responsible for the 
pigmentation along with melanin (Reinecke & Kuwabara 1963, Ferry & Zimmerman 
1964, Green et al. 1967, Madge et al. 1971, McCarthy & LeBlanc 1976, Domarus 1977, 
Kaiser et al. 1992). Iatrogenic abrasion of the cornea may be involved in some of the 
human cases (Featherstone et al. 2004). Several authors studying feline corneal 
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sequestra have considered the connection between the human and feline conditions. 
The feline cases had not been treated with adrenaline compounds and the authors 
concluded that the effect of adrenaline metabolism in the formation of corneal 
sequestra could not be ruled out (Souri 1972, Gelatt et al. 1973). 
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3 MATERIALS AND METHODS 
 
 
3.1 Specimens 
 
Healthy feline corneas were obtained from euthanised cats at the Veterinary Teaching 
Hospital, University of Helsinki. The corneas of three cats were used to optimise the 
fixation protocol and a cornea from the fourth healthy cat was used as the control 
specimen. All four cats were clinically free from diseases involving the eyes and where 
thus euthanised for reasons irrelevant to this study. All of these cats were donated by 
their owners for use in teaching or research purposes, so no laboratory animal licenses 
were required. Cornea specimens were obtained by enucleation and intact globes were 
fixed from both the inside by replacing intraocular fluids with fixative and outside by 
placing the globes into a bottle of the same fixative.  
 
The two sequestra specimens were obtained by keratectomy at the Veterinary Clinic 
Animagi Apex, Helsinki. Keratectomy surgeries were performed as routine treatment in 
these two cases. The sequestra were first diagnosed by an experienced clinician in the 
field of small animal ophthalmology and the decision for treatment by surgery was made 
in consensus between the owner and treating clinician. 
 
3.2 Specimen preparation 
 
The specimens were fixed and embedded into blocks adequate for SB-EM imaging. The 
blocks were suitable for LM and TEM analysis as well. In short, specimen preparation in 
this study consists of five steps: fixation, post fixation, contrasting, dehydration and 
embedding. The protocol by Wilke et al. (2013) was used. A more detailed description 
of the protocol can be found from the website of the National Center for Microscopy 
and Imaging Research (http://ncmir.ucsd.edu/sbfsem-protocol.pdf, 2010 version). Since 
the original protocol was optimised for brain tissue, which has a very different texture 
than that of cornea, the fixation part of the protocol was modified for this study. 
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Corneas from cats used to optimise the fixation protocol and corneas from one cat used 
as the control specimen were flushed with saline before enucleation and fixation. 
Sequestra were obtained during keratectomy surgery. About 20 minutes before surgery 
the cornea was anesthetised with a drop of oxybuprocaine hydrochloride solution 
(Oftan Obucain, Santen) and hydrated with one or two drops of dexpanthenol and 
sodium hyaluronate solution (Bepanthen Eye, Bayer). At the beginning of surgery the 
eye was rinsed with saline containing 10% adrenaline 1 mg/ml in order to inhibit 
excessive bleeding of the conjunctiva and also to hydrate the eye (Sari Jalomäki, 
personal communication). 
 
3.2.1 Fixation 
 
First attempts at fixation of corneas didn’t turn out as hoped because cornea behaved 
in a very different manner than brain tissue. The cornea is a dense tissue and fixatives 
do not penetrate it very easily and the outcome was too soft and fragile for the first 
three specimens. The protocol was modified so that tissue structure was better 
preserved without wrinkles and gaps between the sheets of stromal collagen and to gain 
sufficient contrast. 
 
The best procedure for specimen fixation consisted of two phases. The first phase 
fixative (GA-fix) used consisted of 2.5% glutaraldehyde (GA), 2% formaldehyde (FA), 2 
mM calcium chloride (CaCl2) and as a buffer 100mM sodium cacodylate (NaCac), pH 7.4. 
The fixative used in the second phase (FA-fix) had similar components in the same 
concentrations, but it lacked GA. 
 
Healthy corneas were splashed with GA-fix to begin fixation of corneal epithelium as fast 
as possible before enucleation, and afterwards, the aqueous humour of the anterior 
chamber and the vitreous body were replaced with fixative. This was achieved by 
introducing a 25 gauge needle into the globe at the limbus and passing it through the 
pupil into the anterior chamber and sucking a small amount of the aqueous humour into 
an empty syringe. A similar amount of GA-fix was injected into the anterior chamber 
through the same needle and the process was repeated several times. Stretching and 
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shrinking of the cornea was carefully avoided. Then the needle was passed back into the 
vitreous and a similar process was done, but with larger amounts. After this a piece of 
string was passed through the remnant of the optic nerve and the globe was suspended 
in a bottle of GA-fix.  
 
The mild sequestrum specimen was ulcerated and the remaining epithelium was 
removed from the surface of the lesion before keratectomy. During surgery the mild 
sequestrum was found to extend a little deeper than initially expected and therefore the 
whole sequestrum was not excised in one piece. The largest piece was the shape of a 
flat open ring and two very small pieces were excised in addition to the large piece to 
dissect the whole lesion off the cornea. The severe sequestrum had central ulceration 
surrounded by a zone where the epithelium adhered loosely to the stroma. Most of the 
loose epithelium peeled off during surgery. Immediately after excision of sequestra the 
specimens were submerged in the GA-fix. 
 
Both control and sequestra specimens were kept in the GA-fix at room temperature (RT) 
for about two hours before cutting and changing the second phase fixative, FA-fix. 
Normal corneas were dissected from the globe at the limbus. Both healthy cornea 
specimens and sequestra were processed in a similar fashion from here on. The 
specimens were moved to a small petri dish with GA-fix and <2 mm x <2 mm pieces were 
cut from them with a razor blade. The control specimen was cut from the central area 
of the healthy cornea. The mild sequestrum was cut into four equal fragments and the 
most pigmented fragment was chosen for study. The severe sequestrum specimen was 
cut from the black area of the lesion with adherent epithelium. After cutting specimens 
into appropriate size for imaging, the pieces were placed in Eppendorf tubes containing 
FA-fix and stored overnight in the refrigerator.  
 
3.2.2 Post fixation and contrasting 
 
Post fixation included double osmication to preserve membranous organelles and 
provide good contrast. Before osmication the specimens were washed five times for 
three minutes with a cold solution consisting of NaCac buffer and 2 mM CaCl2. Calcium 
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ions improve the preservation of membranes. The pieces were then first osmicated with 
2% osmium tetroxide (OsO4), 1.5% potassium ferrocyanide (K4[Fe(CN)6]) and 2mM CaCl2 
in a NaCac buffer for one hour on ice. After this the specimens were washed five times 
for three minutes in distilled water (DW) and incubated in thiocarbohydrazide solution 
for 20 minutes at room temperature (RT) to prime molecules for binding the second 
layer of osmium. The excess thiocarbohydrazide was washed with DW as before and the 
specimens were subjected to the second osmication using 2% OsO4 in DW for 30 minutes 
at RT. After extensive washing, the specimens were incubated in 1% uranyl acetate in 
DW overnight at 4 °C. Following this, the specimens were washed again before 
contrasting by incubating specimens in Walton’s Lead Aspartate solution (Walton 1979) 
for 30 minutes in a 60 °C oven. 
 
3.2.3 Dehydration and embedding 
 
The dehydration step aims to replace water in a specimen with ethanol. Dehydration of 
specimens was achieved by an ascending ethanol series. The first step was to dehydrate 
specimens with 20% ethanol for five minutes at RT. Next a 50% ethanol solution was 
used, then 70%, 90%, 96% and 100%, each like the first step. Finally, specimens were 
incubated in acetone, which was used as the transitional solvent, for ten minutes at RT. 
 
During the embedding step a Fluka Durcupan ACM resin (Sigma-Aldrich Corp., St. Louis, 
Missouri) was formulated to contain all parts except part C, the accelerator (Durcupan 
#1). Resin was mixed with acetone at different ratios for the first three phases of 
embedding. Specimens were incubated in a mixture of first one part Durcupan #1 and 
three parts acetone and second one part Durcupan #1 and one part acetone for two 
hours at RT each. Then specimens were incubated in a mixture of three parts Durcupan 
#1 and one part acetone overnight at RT. This way the resin infiltrates slowly, smoothly 
and efficiently into the tissue. The next day fresh Durcupan #1 was formulated and 
specimens were incubated in 100% Durcupan #1 for 1–2 hours at 50 °C. This phase was 
repeated after changing Durcupan #1. Then Durcupan #2 was formulated using all parts, 
including part C, and specimens were incubated at 50 °C for 2 hours before mounting 
them into a desired container with Durcupan #2 and polymerized for 48 hours at 60 °C. 
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3.3 Light microscopy 
 
For light microscopy 500 nm thick sections of selected specimen blocks were cut using 
Leica Ultracut UCT-6 ultramicrotome (Leica Mikrosysteme GmBH, Austria) and histo 
diamond knife (Diatome AG, Biel, Switzerland). Sections were transferred to a drop of 
Toluidine blue stain (0.05% Toluidine blue and 0.5% Na2B407 in DW), incubated for 1–2 
minutes at RT and washed with DW. The sections were then transferred onto a glass 
objective slide and placed on a 95 °C heat plate to adhere the section to the slide. The 
sections were viewed using Olympus BX61 light microscope (Olympus Corp., Tokyo, 
Japan) and images recorded using Olympus ColorView Soft Imaging System. 
 
3.4 Thin section transmission electron microscopy 
 
For thin section TEM analysis 60–70 nm thick sections of selected specimen blocks were 
cut using Leica Ultracut UCT-6 ultramicrotome (Leica Mikrosysteme GmBH, Vienna, 
Austria) and diamond knife (Diatome AG, Biel, Switzerland). Sections were picked on 
single slot pioloform-coated copper grids and post stained with Ultro-Stain II lead citrate 
solution (Leica Mikrosysteme GmBH, Vienna, Austria) for one minute at RT, washed with 
DW, incubated in 0.5% uranyl acetate in DW for 30 minutes at RT, washed with DW, and 
finally dried with filter paper. Sections were viewed using JEOL JEM-1400 transmission 
electron microscope (JEOL Ltd., Tokyo, Japan) operated at 80 kV and images were 
recorded using Gatan Orius SC 1000B bottom-mounted CCD-camera (Gatan Inc., 
Pleasanton, California). 
 
3.5 Serial block face scanning electron microscopy 
 
For SB-EM a block was first trimmed from excess resin into a pyramid shaped tip 
containing the specimen. The tip was cut with a razor blade and mounted on a 3View 
pin using CircuitWorks conductive cyanoacrylate glue (Chemtronics, Kennesaw, Georgia) 
and the sides of the pyramid were coated with conductive silver paint (Agar Scientific 
Ltd., Stansted, UK). To further enhance conductivity, a Quorum Q150TS sputter coater 
(Quorum Technologies Ltd., Laughton, UK) was used to coat the pin with a 5 nm thick 
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layer of platinum. The specimen was imaged with a FEI Quanta 250 FEG SEM (FEI Co., 
Hillsboro, Oregon) equipped with a Gatan 3View system (Gatan Inc., Pleasanton, 
California). Imaging was done at low vacuum (26–40 Pa) with accelerating beam voltage 
of 2.5 kV. The cutting z-step was 50 nm, lens aperture 30 μm and pixel dwell time 20 μs. 
Sections were cut with an oscillating diamond knife at a speed of 0.1 mm/s. The size of 
the imaged tissue block was 61 x 12 x 28 µm and the final voxel size was 12 x 12 x 50 nm 
(x, y, and z, respectively). In total, 660 of sections were collected, and the model was 
generated from 340 sections. 
 
3.6 Processing acquired data and reconstructing a 3D model 
 
An almost whole squamous epithelial cell was found within the dataset and it was 
chosen for segmentation. The acquired dataset was divided into quarters and images 
from one quarter were processed with Matlab (MathWorks, Natick, Massachusetts) 
based software, Microscopy Image Browser (MIB; beta-version preceding the public 
release in courtesy of Ilya Belevich, Univeristy of Helsinki), that has been developed for 
manual segmentation and analysis of three dimensional datasets. MIB contains several 
tools to process the data so that it can be browsed in all desired dimensions and a cross 
section image can be calculated in any orientation. Different tools were tested to make 
segmentation as automated as possible, but in the end most of the details had to be 
drawn manually. The three remaining quarters were segmented using the Interactive 
Learning and Segmentation Toolkit ilastik version 1.0 beta (Sommer et al. 2014). ilastik 
allows much more automated segmentation of serial sections than MIB. Details are 
achieved by training the classifier on a representative section of the data, after which 
the program is able to process the rest of the dataset automatically according to the 
parameters trained for the classifier. Errors can be corrected by fine tuning the 
parameters. The results from both programs, MIB and ilastik, appear quite similar, but 
ilastik tends to smooth surfaces more than MIB. The final model was constructed using 
Amira software (FEI Visualization Sciences Group). 
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3.6 Image processing 
 
Acquired LM and TEM images were processed using Photoshop CS5.1 (Adobe Systems 
Inc., San Jose, California). Brightness, contrast, levels, hues, saturation, colour balance 
and vibration were adjusted globally for the whole image where needed. Amira software 
was used to rotate the model and view it from all angles. Snapshots of desired views 
were acquired and composite images of the 3D data were compiled using CorelDRAW 
X6 (Corel Corp., Ontario, Canada) Final adjustments were accomplished using 
Photoshop. 
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4 RESULTS 
  
 
4.1. Overview of the specimens 
 
The control specimen was obtained from a coincidental feline patient aged 16 years 
brought to the Teaching Hospital of the University of Helsinki to be euthanised for 
reasons unrelated to ophthalmological disease (emaciation, vomitus, wheezing breath). 
The patient was not examined by an ophthalmologist at any point, but was seen by a 
veterinarian and myself before euthanasia. Both eyes of the cat were enucleated 
immediately post mortem, fixed, and corneas prepared for LM and TEM analysis. 
 
A mild sequestrum (Figure 3a) was obtained by keratectomy from the left eye of an 
Abyssinian intact female cat of age 7.5 years. First signs of a forming sequestrum were 
noticed two months earlier. The history of the cat involved pregnancy when the 
sequestrum was first noticed and, in addition, a trauma to the eye caused by a scratch 
from another cat was suspected. The lesion was irregular in shape and roughly 6 mm in 
diameter. It was located paracentrally and laterally, was amber in colour and ulcerated. 
The lesion affected only superficial parts of the stroma and thus the specimen acquired 
by keratectomy was very thin and fragile. 
 
 
Figure 3. Macroscopic view of the sequestra in situ prior keratectomy. The mild 
sequestrum (a) is visible as an amber haze ventrally on the cornea. Light is reflected from 
the ulcerated central area of the severe sequestrum (b) and the edges of the intact 
epithelium. Digital photographs courtesy of DVM, Specialist in Small Animal Diseases 
and European Eye Scheme Examiner Sari Jalomäki, Veterinary Clinic Animagi Apex, 
Helsinki, Finland. 
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A severe sequestrum (Figure 3b) was obtained by keratectomy from the right eye of a 
Persian intact male cat of age 3 years. The owner of the cat first noticed the lesion about 
a month before. Possible predisposing factors associated with this case were 
brachycephalism, typical breed and mild medial entropion possibly causing some 
abrasion to the cornea. The sequestrum was about 12 mm in diameter, located 
paracentrally and medioventrally and extended from the corneal surface to Descemet’s 
membrane. It was black in colour with a brown rim and central ulceration of the lesion 
was also present. A thick piece of the cornea was excised by keratectomy and the 
resulting specimen was quite rigid. 
 
In LM overview images of the sections it was apparent that the control and severe 
sequestrum specimens were intact and well preserved (Figure 4). The control specimen 
exhibited adherent epithelium and Descemet’s membrane. The mild sequestrum 
specimen was smaller compared to the other two specimens and much more irregular 
in shape. The edges of the specimen were frilly as adjacent lamellae had peeled off one 
another (* in Figure 4b). The section lacked epithelium. 
 
 
 
 
 
 
 
 
 
Figure 4. LM images of 500 nm thick sections of the control specimen (a), the mild 
sequestrum (b) and the severe sequestrum (c) stained with Toluidine blue. Epithelium 
(E), Descemet’s membrane (D) and detached stromal lamellae (*) are indicated. The 
arrows point towards the apical surface in each image. Bars, 200 µm (a–c). 
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4.2 Light microscopy analysis of the specimens 
 
4.2.1 Healthy cornea 
 
Analysis of the control specimen using LM demonstrated the regular and organised 
appearance of the epithelium and stroma (Figure 5). The epithelial cells were organised 
into layers by cell thickness from the apical surface down as follows: several layers of 
squamous epithelial cells, several layers of polygonal wing cells, and a layer of columnar 
basal epithelial cells. The thickness of the epithelium was roughly 50 µm (assuming that 
the section was perpendicular to the surface of the specimen). The epithelial cell nuclei 
were more lucent than the cytoplasm and plasma membranes of the cells and can be 
distinguished in the images. The epithelial basement membrane was not visible with this 
 
 
 
Figure 5. LM images of 500 nm thick sections of the control specimen stained with 
Toluidine blue. Lower and higher magnification images of the epithelium (a and b) 
showing different cell layers and a high magnification image of the mid-stroma (c) 
showing thin cross sections of keratocytes between stromal lamellae. Epithelium (E), 
stroma (S), keratocytes (K), squamous epithelial cells (Q), wing cells (W) and basal 
epithelial cells (B) are indicated. All images are in the same orientation. Bars 50 (a) and 
20 (b and c) µm. 
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magnification, but the epithelial basal cells adhered to the stroma with a clear edge. The 
lamellae closest to the epithelium appeared more irregular in orientation than the 
lamellae deeper into the stroma, and not as smooth. Regular arrangement of stromal 
lamellae was seen throughout the section and elongated thin keratocytes were barely 
visible with a 40x magnification. 
 
4.2.2 Sequestra 
 
The mild sequestrum specimen illustrated haphazardly stacked lamellae that were torn 
apart at the edges of the section (Figure 6). The lamellae were irregularly shaped and 
not smooth like in the control specimen. A few keratocytes could be observed between 
the winding lamellae. 
 
Analysis of the severe sequestrum specimen illustrated poorly defined epithelial cells 
compared to those of the control specimen (Figure 7). The epithelium also appeared 
thinner, roughly 20 µm (assuming that the section was perpendicular to the surface of 
the specimen, E in Figures 7a and b). The lamellar structure in this specimen was very 
regular and even compared to the mild sequestrum specimen. Higher magnification of 
various regions of the stroma illustrated keratocytes distributed between adherent 
lamellae. 
 
 
 
Figure 6. LM images of 500 nm thick sections of the mild sequestrum stained with 
Toluidine blue. A few thin cross sections of keratocytes (K) are indicated. The arrow 
points towards the apical surface, both images are in the same orientation. Bars, 50 (a) 
and 20 (b) µm. 
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Figure 7. LM images of 500 nm thick sections of the severe sequestrum stained with 
Toluidine blue. Low (a) and higher (b) magnification images of the epithelium and an 
image of mid-stroma (c), revealing various cell layers. Epithelium (E), stroma (S), and 
keratocytes (K) are indicated. All images are in the same orientation. Bars, 50 (a) and 20 
(b–c) µm. 
 
4.3 Transmission electron microscopy analysis of the specimens 
 
4.3.1 Control specimen 
 
TEM analysis of the control specimen revealed irregularly shaped epithelial cells and 
epithelial cell nuclei (Figure 8). The epithelium was about 50 µm thick (assuming that 
the section was perpendicular to the surface of the specimen) as indicated by LM 
analysis as well. The cells on the apical surface of the epithelium exhibited numerous 
microvilli (V in Figure 8c). The basement membrane was visible as a thin line between 
the basal epithelial cells and the superficial layers of the stroma. The plasma membranes 
of basal epithelial cells intertwined (* in Figure 8d) and were connected to adjacent cells 
by desmosomes. Basal cells adhered to the basement membrane via hemidesmosomes. 
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The stroma of the control specimen displayed numerous lamellae seen as striation 
across the section (Figure 9a). The collagen fibrils in each lamella ran parallel to one 
another and the different directions of the fibrils between adjacent lamellae could be 
seen. Cross sections of collagen fibrils within individual lamellae were observed and they 
 
 
Figure 8. TEM analysis of apical surface of the control specimen. An overview of the 
section (a), higher magnification images from the epithelium (b and c) and the basal 
epithelial and apical stromal area (d). Epithelial cell nuclei (N), microvilli (V), stroma (S), 
the epithelial basement membrane (BM), hemidesmosomes (arrowheads), 
desmosomes (short arrows) and strongly winding plasma membrane of basal epithelial 
cells (*) are indicated. The long arrows point towards the apical surface in each image. 
Bars, 100 (a), 20 (b), 5 (c) and 2 (d) µm. 
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illustrated that the fibrils ran at different angles when compared with other lamellae. 
Longitudinal (La), transverse (Lb) and oblique (Lc) cross sections of collagen fibrils within 
individual lamellae are indicated in Figure 9. Elongated and flat keratocytes with 
irregularly shaped nuclei could be seen sandwiched between lamellae. They displayed 
long profiles of ribosome rich RER as well as a few poorly preserved mitochondria. 
 
 
 
 
 
Figure 9. TEM analysis of mid-stroma of the control specimen. Keratocytes (K), the 
nucleus of a keratocyte (N), a mitochondrion (M) and RER (short arrows) are indicated.  
Some individual lamellae (La, Lb, and Lc) are also indicated. The arrow points towards 
the apical surface, all images are in the same orientation. Bars, 10 (a), 1 (b) and 2 (c) µm. 
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4.3.2 Mild sequestrum 
 
TEM analysis of the mild sequestrum specimen illustrated a disarranged appearance of 
stromal lamellae and their collagen fibrils within the specimen. Some intact keratocytes 
could be found in between lamellae, but most keratocytes observed displayed either 
disassembled cell organelles or were completely disintegrated into fragments. 
Keratocytes with intact plasma membranes displayed fragmented nuclei and other 
organelles (Figure 10c). Clusters of keratocyte fragments without an apparent plasma 
membrane inhabited similar spaces as the more intact keratocytes (Figure 10d). 
Remnants of keratocyte organelles were also scattered in abnormal locations amidst the 
stromal collagen and not clustered between lamellae (Figure 10e). 
 
 
Figure 10. TEM analysis of the mild sequestrum specimen. Low magnification overview 
of the section (a) and stroma (b) reveal various cell layers, whereas higher magnification 
images feature intact abnormal (c) or fully disintegrated (d and e) keratocytes between 
disorganised collagen fibrils. Keratocytes (K), stroma (S) and clusters of keratocyte 
fragments (*) are indicated.  The arrow points towards the apical surface, all images are 
in the same orientation. Bars, 100 (a), 10 (b), 2 (c and d) and 1 (e) µm. 
28 
  
 
4.3.3 Severe sequestrum 
 
TEM analysis of the severe sequestrum specimen exhibited regularly organised lamellae 
and adherent epithelium (Figure 11). However, the epithelium appeared thinner than 
the epithelium of the control specimen, with a thickness of about 20 µm (assuming that 
the section is perpendicular to the surface of the specimen) as indicated by LM analysis 
as well. All of the epithelial cell layers were flattened and not polygonal or columnar like 
normal wing and basal cells (Figure 11b). The plasma membranes were winding, but not 
as heavily as in the control specimen. 
 
Analysis of the severe sequestrum specimen illustrated fairly regularly shaped 
keratocytes that could be found lying flat between lamellae just like in the control 
specimen (Figure 12). The shape of keratocyte nuclei was also similar to those observed 
in the control specimen. In contrast, the keratocytes in the severe sequestrum specimen 
were surrounded by and contained electron lucent profiles of various sizes (Figure 12b 
and c). The clusters and individual electron lucent small profiles resembled holes left in 
the section after processing of the specimen had removed the initial content of the 
 
 
Figure 11. TEM analysis of apical surface of the severe sequestrum specimen. An 
overview (a), the epithelium and superficial stroma (b) and a close-up of an epithelial 
cell (c) revealing flattened cells.  Stroma (S), epithelial cell nuclei (N), epithelial basement 
membrane (BM), mitochondria (M), a Golgi complex (G), RER (arrowheads) and winding 
epithelial cell plasma membranes (short arrows) are indicated. The long arrow points 
towards the apical surface, all images are in the same orientation. Bars, 100 (a) and 2 (b 
and c) µm. 
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structures. Obvious RER and mitochondria were not detected. Round, electron dense 
structures consistent with the appearance of lysosomes were observed in the 
keratocyte cytoplasm (short arrows in Figure 12b and c). The stromal lamellae were 
well preserved and ran smoothly across the whole section and exhibited similar cross 
 
 
Figure 12. TEM analysis of mid-stroma of the severe sequestrum specimen. Low 
magnification images (a and b) reveals the well preserved lamellar organization, and 
higher magnification images depict abnormal keratocytes (c and d). Keratocytes (K), 
nuclei (N), electron lucent structures (arrowheads) and electron dense structures (short 
arrows) are indicated. Some individual lamellae (La, Lb, and Lc) are also indicated. The 
long arrow points towards the apical surface, all images are in the same orientation. 
Bars, 5 (a), 2 (b–d) and 0.5 (e) µm. 
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sections as in the control specimen. Longitudinal (La), transverse (Lb) and oblique (Lc) 
cross sections of collagen fibrils within individual lamellae are indicated in Figure 12 as 
in Figure 9. 
 
4.4 Healthy corneal epithelium imaged by serial block face scanning 
electron microscopy 
 
SB-EM allows automated acquisition of 3D ultrastructure of a tissue volume. A high-
precision ultramicrotome built within the SEM chamber cuts fresh block faces that are 
sequentially imaged using a highly sensitive back scatter electron detector. The acquired 
images represent the x–y plane, which are comparable to thin section TEM images, and 
the depth of the block in the apical–posterior direction is the z-axis. Sections are cut 
according to the chosen z-step, which was 50 nm in this study. Thus, the 3D volumetric 
dataset consists of series of 660 x–y plane images taken 50 nm apart. The pixel data for 
each two-dimensional image accounts for the whole voxel in the 3D image, and the 
information can be used to view 2D images in the x–z and y–z planes as well as to 
calculate oblique sections at any plane through the imaged volume. To choose material 
for segmentation the volume was browsed through by viewing x–y orthoslices. One 
almost complete squamous epithelial cell was found within the specimen volume and it 
was chosen for segmentation. Figure 13 illustrates orthoslices of the imaged specimen 
and shows how the acquired data could be browsed through in different planes by 
moving the orthoslicer representing the different planes. Figure 13b demonstrates the 
same x–y and y–z orthoslices in two images, but the x–z orthoslice is different in the two 
images to illustrate details of the nucleus differently. All structures caught within the 
specimen volume can be found if the contrast is sufficient for recognition of the 
structures. Cell organelles, except for the nucleus, were not recognised in enough detail 
for segmentation, but the intricate protrusions and folds of the plasma membrane had 
sufficient contrast for modelling. 
 
Analysis of the data volume showed that the squamous epithelial cells were irregularly 
discoid in shape. The surface area of plasma membranes was increased by finger like 
protrusions that interlocked with adjacent cells. The intertwining plasma membranes 
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extended over whole cells. Different squamous cells displayed varying luminosities but 
the cytoplasm of each individual cell was evenly lucent. Nuclei of cells were roughly 
ovoid with a few large folds intruding into the organelle from the posterior surface. SB-
EM could not show details of cell organelles or other components like desmosomes with 
the same resolution as TEM. 
 
X–y orthoslices were segmented to reconstruct the 3D model. The plasma and nuclear 
envelope of the chosen cell could not be interpreted as clearly in the x–z and y–z 
orthoslices. The dataset was divided into quarters and one cell and its nucleus from one 
quarter (the one with the missing corner) was manually segmented using MIB and from 
the three other quarters with a more automated software ilastik. All four quarters were 
combined back to one volume highlighting the chosen cell and its nucleus. Figure 14 
 
 
Figure 13. An overview of the data acquired by SB-EM. Three orthoslices from the 
imaged volume representing the x–z, x–y and y–z planes are shown (a, bottom and sides 
of the box, respectively). Orthogonal slices of the whole volume at any desired location 
and orientation can be calculated in the x–y, the y–z, and the x–z planes (two examples 
shown in b). Note that the x–y plane was the imaging orientation and the x–z plane is 
parallel to the corneal surface. The white corner in front shows the area that was not 
imaged from any of the sections. Bars, 10 µm. 
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illustrates the same x–z orthoslices pairwise without (a) and with (b) the segmented cell 
(yellow) and its nucleus (blue). The chosen orthoslices are 45 slices, equal to 540 nm, 
apart. In this plane it would not be clear which parts belong to the same cell, so TEM 
sections in this orientation would most likely be misinterpreted. 
 
Models of a cell and its nucleus could be generated from the segmented 3D volumes 
(Figure 15). The whole cell (yellow) did not fit into the imaged volume and the cut cross 
section can be observed in this view of the model of the cell (Figure 15a). The orange 
edges of a box in Figure 15a and b illustrate the same volume of data shown larger in 
Figure 15c. The volume of the cell that was segmented manually is shown in Figure 15b 
 
 
Figure 14. Comparison of four individual orthoslices in the x–z plane without (a) and with 
(b) segmentation. Chosen orthoslices are 45 slices (equal to 540 nm) apart. 
Corresponding slice numbers are demonstrated. A non-surface squamous epithelial cell 
(yellow) and its nucleus (light blue) was segmented from the surroundings. Abrupt 
changes in shades seen as three distinguishable vertical stripes in each of the images 
demonstrate levels where drifting had occurred and digital stitching was done to correct 
the resulting artefact. Bars, 10 µm. 
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with the whole nucleus. The cell was very thin and thickened only at the central area 
accommodating the flattened nucleus and other cell organelles. Both the apical and the 
posterior surface of the cell had intricate protrusions consistent with TEM findings of 
winding plasma membranes. The nucleus of the modelled squamous epithelial cell 
(Figure 15d) was discoid with a flat apical surface and a more irregular and convex 
posterior surface. 
 
 
 
 
 
Figure 15. The 3D model of a non-surface squamous epithelial cell reconstructed from 
individually segmented sections. The cell (yellow) and the nucleus (light blue) were 
segmented. A part of the edge of the cell was segmented with most accuracy (the 
volume within the box with orange edges). Bars, 5 (a and b) and 1 (c and d) µm. 
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Surface rendering could be used to provide a 3D map of the apical surface of the 
specimen, data comparable with SEM imaging (Figure 16b). A section slightly oblique to 
the x–z plane was calculated to show the cross section of the surface structures (Figure 
16a). These images revealed prominent microvillous and microplicate protrusions. The 
microvilli could be seen with TEM, but the labyrinthine organisation of merged 
microplicae was appreciated only with SB-EM. The surface of the tissue block illustrated 
three almost complete cell surfaces that displayed different types of surface structures. 
One type exhibited a labyrinth of microplicae (Figure 16c), another numerous microvilli 
(Figure 16e), and the third a combination of these two (Figure 16d). 
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Figure 16. Surface rendering of the control specimen imaged with SB-EM. A section 
calculated slightly oblique to the x–z plane of the imaged volume (a), a 3D reconstruction 
of the apical epithelial surface of the specimen (b) and details of the surface structures 
of the three neighbouring cells in a tilted view (c–e). Bars, 10 (b) and 0.5 (c–e) µm. 
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5 DISCUSSION AND CONCLUSIONS 
 
 
5.1 Morphological findings of the sequestra specimens 
 
The formation of a sequestrum is a process where an initially light brown tint in the 
cornea may evolve into a profound black plaque. LM and TEM analysis were conducted 
as a basic characterisation to find the regions of interest and possible differences 
between the control specimen and sequestrum specimens of different stages. 
Optimally, changes found in the three specimens could be compared, and a line of 
progression of the lesion could be drawn. 
 
Cullen et al. (2005) suggested that apoptosis may play a role in the pathogenesis of 
corneal sequestration, and found signs of both necrosis and apoptosis of keratocytes in 
their study. They also found various phagocytes within some of their specimens. Cells 
undergo necrosis when they are sufficiently wounded or impaired due to, for example, 
trauma, or irritation by a chemical substance. In necrosis, all membranous structures 
break down and the contents of the cell, its nucleus and other organelles are freed into 
the extracellular space often inciting an inflammatory reaction. The cell debris is 
phagocytosed by neutrophils, macrophages and other white blood cells that are 
attracted to the site. In apoptosis, the disintegration of cells is more controlled as 
organelles are fragmented into membrane-bound structures  of varying size, and the cell 
itself breaks down into apoptotic bodies, which are cell fragments enclosed by 
remaining plasma membrane. Phagocytes dispose of the apoptotic bodies. This way the 
contents of the cell are not exposed to the extracellular space and an inflammatory 
response is not incited (Heino & Vuento 2002, Alberts et al. 2007). These pathways are 
illustrated in Figure 17. The difference between these two pathways of cell death may 
be distinguished in TEM analysis. Apoptotic cells demonstrate clumping and margination 
of chromatin, shrinking of the cytoplasm, and breaking down into membrane-bound 
fragments. Membranes are broken down in necrosis so the cell fragments are not as 
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distinctive. Observing many phagocytes indicating an inflammatory response in a region 
with disintegrated cells may confirm a necrotic process (Cullen et al. 2005). 
 
In the present study, coinciding with the findings of Cullen et al. (2005), the morphology 
of the control specimen demonstrated elongated keratocytes with irregularly shaped 
nuclei and abundant RER indicating a secretory action. The mild sequestrum specimen 
displayed deterioration of most keratocytes that was so advanced that only cell 
organelles persisted either between lamellae or in uncommon locations dispersed 
between collagen fibrils. Distinction between apoptosis and necrosis of these cells was 
inconclusive, but several findings suggest that apoptosis had taken place in these cells. 
Firstly, a membranous structure seemed to envelop the various fragments of a 
disintegrated cell, and secondly, no signs of an inflammatory reaction to these 
fragments was observed. Stromal lamellae had also deteriorated to a great extent and 
very little of the strictly regular structure could be observed. This may be due to 
mechanical damage during the handling of the specimen or the inability of keratocytes 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17. A diagram depicting the 
pathways of necrosis and apoptosis. The 
top-most cell is a normal cell that may die 
via either of the two pathways. Modified 
from Heino & Vuento (2002).
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to organise stromal lamellae or produce sufficient ground substance to bind collagen 
filaments tightly together. Clear signs of necrosis or apoptosis of keratocytes in the 
severe sequestrum specimen were not detected. The severe sequestrum was 
macroscopically and clinically far worse than the mild sequestrum. The organised 
structure was evident although the clinical presentation was alarming. In TEM the severe 
sequestrum specimen displayed almost completely electron lucent round to oval 
structures whose content had been washed away after fixation and before embedding, 
so that the remaining spaces were filled with resin. The structures appeared in large 
quantities clustered around and within most of the observed keratocytes (Figure 12). 
Similar findings were not observed in the other two specimens leading to believe that 
whatever resided in the structures are the cause of the black pigmentation. The 
possibility that these were melanin granules cannot be ruled out. 
 
5.2 Considerations of specimen preparation 
 
The control specimens were used to test the specimen preparation protocol and the 
control specimen imaged for the present study was chosen simply on the basis of 
convenience and availability. I collected control specimens from any cat euthanised at 
the Teaching Hospital and donated for teaching or research purposes with no known 
history or evidence of eye disease. An ophthalmological examination was not performed 
on any of the control cats so the status of the eyes was only evaluated by me and the 
veterinarian in charge of the cats’ euthanasia. Therefore the control corneas were only 
assumed healthy. Enucleation was performed immediately after euthanasia in order to 
avoid post mortem deterioration of the cornea. In an attempt to begin the fixation 
process as fast as possible, both eyes were splashed with fixative before and every so 
often during enucleation. 
 
Excision of the sequestra by a therapeutic procedure took the patient in consideration 
first and left the sequestra as scrap material to be used for study purposes. The 
sequestra were therefore not handled with as much care as possible and the cut side of 
the sequestra suffered some damage from the scalpel as numerous incisions had to be 
made in order to extract the lesion from the eye and spare as much healthy cornea as 
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possible. The mild sequestrum was very thin and fragile so manipulation caused 
considerable damage to the specimen before it was submerged into the fixative. The 
severe sequestrum involved most of the corneal depth and therefore a thicker and more 
rigid piece was dissected. In a properly conducted study, all of the analysed specimens 
should be obtained using the same method to acquire comparable results. Here, the 
control specimen was obtained and analysed before the sequestrum specimens became 
available, and the preparation methods for these specimens were different. If this study 
were continued by analysing more specimens, it should be considered weather the 
control specimens should be obtained similarly to keratectomy. Corneal sequestra 
seldom, if ever, require enucleation, so it would be more feasible to change the excision 
method of control specimens from euthanised patients. 
 
The cornea is a challenging tissue to fix, embed and contrast. Due to its composition, 
fixatives do not easily penetrate it, and neither do contrast enhancing media. The 
protocol used for the preparation of these specimens differed from the standard 
protocol used for TEM because the same specimens were also imaged with SB-EM. 
Additional contrast was achieved by double osmication, longer incubation in UA and the 
use of Walton’s lead solution. The cornea has very low contrast in itself and 
segmentation of a 3D dataset requires enough contrast to identify organelles of interest. 
Regardless, in my opinion, the quality of the control and severe sequestrum specimens 
in the present study level up to the quality achieved in the previous study by Cullen et 
al. (2005). This leads to conclude, that a suitable protocol was achieved in the present 
study and that the protocol optimised for SB-EM imaging was suitable for LM and TEM 
analysis too. This is an encouraging observation when considering the continuation of 
the study. 
 
5.3 Comparison of different imaging techniques 
 
Corneal sequestra can be diagnosed without histology in a clinical ophthalmologic 
examination. Histology, however, reveals more information on the ultrastructure and 
layers involved in the sequestrum. LM and TEM complemented each other in the 
morphological characterisation of the specimens analysed in the present study. LM 
40 
  
 
analysis of corneal sequestra depicted an overview of the acquired specimen and the 
gross anatomical features it exhibited. The presence of the epithelium could be seen if 
the corneal surface was intact and not ulcerated, as in the control and severe 
sequestrum specimens. Keratocytes could be seen between stromal lamellae in the LM 
analysis of all three specimens. Finer details, such as epithelial cell and keratocyte 
organelles and the orientation of collagen fibrils within lamellae, could be fully 
recognised only using TEM. However, to gain a complete understanding of cell and 
organelle shapes and relationships, 3D techniques are required. 
 
In the present study, a modern technique was used to image the 3D structure of 
squamous epithelial cells in the apical feline cornea. These cells were chosen because 
TEM characterisation of the control specimen confirmed greater contrast in the 
epithelium than the stroma. SB-EM analysis provided indisputable information of the 
surface structure of squamous epithelial cells and their nuclei. It is known that the most 
apical cell surface in the cornea is covered by microvilli that adhere the precorneal tear 
film. In the model constructed it seems that there are a few different types of cell 
surfaces, ones with microvillous protrusions, others with microplicae that are merged 
together to form a labyrinthine conformation, and some with a combination of these. 
The reasons why different types of cell surfaces appear and what their putative 
functions are remain open. 
 
5.4 Prospects for further investigation 
 
SB-EM was tested to see whether it could be useful in the investigation of feline corneal 
sequestra. Since SB-EM was successful in elucidating the intricate details of squamous 
epithelial cells, it may be hypothesised that the specimen preparation protocol and 
imaging technique may be applied to the study of keratocyte morphology as well. If the 
structures presumed to be the cause of the black pigmentation could be preserved, SB-
EM could be used to visualise the amount of the structures associated with keratocytes 
in a black sequestrum and compare the morphology of normal and affected keratocytes. 
Using the same technique and a fairly similar specimen preparation protocol as applied 
in the present study, Young et al. (2014) were able to segment keratocytes of embryonic 
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chick corneas in detail along with single collagen fibrils. The contrast achieved by SB-EM 
in the present study did not level up to revealing the orientation of collagen fibrils. I 
speculate that the structure of embryonic chick corneas may differ from the structure 
of mature feline corneas in several ways which may affect contrasting of these 
specimens in favour of the embryonic cornea. Obvious differences include thickness and 
morphological definition. Additionally the developing cornea might not be as dense as 
the fully defined mature cornea of the adult specimens used in this study. 
 
Young et al. (2014) described cellular processes of keratocytes and named them 
“keratopodia”. They argumented that their extent and networks have not been 
appreciated in previous studies using TEM techniques. 3D imaging of a larger volume of 
tissue permits viewing of all extremities of a cell. Similar studies could be conducted to 
assess differences between normal, mature feline keratocytes and keratocytes of 
sequestra in different stages of sequestrum formation to determine morphological 
differences in these cells with an advancing lesion. Apoptosis versus necrosis of 
keratocytes and stromal lamellae is still under debate and the proposed study might 
reveal new aspects of the pathogenesis of corneal sequestra. The findings of Young et 
al. (2014) and the SB-EM results of my study support the idea that these differences 
might not be fully understood with TEM imaging. Structures consistent with keratopodia 
were not found in the TEM analyses conducted for the present study. 
 
In all of the literature reviewed for this work no mention of the effect of stress in the 
aetiology of feline corneal sequestra was mentioned. I can draw several conclusions as 
to why stress may be an initiating factor along with many others in the aetiology of this 
condition. First of all, it has been established, that FHV-1 is often reactivated from a 
latent infection to a symptomatic form when a cat is stressed. This may be the works of 
cortisol, the chief stress hormone released by the adrenal glands. Secondly, the 
connection between adrenochrome deposits and adrenaline metabolism of the feline 
cornea remains elusive. Adrenaline concentrations in blood increase with acute stress, 
but adrenaline concentrations in ocular fluids and adnexal secretions have not been 
studied. Thirdly, in the personal experience of a veterinary ophthalmologist, stress 
related history in cats presenting with a corneal sequestrum is often seen in practise 
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(Sari Jalomäki, personal communication,). Finally, stress at a cellular level has been 
known to trigger apoptosis and necrosis in the tissue. I propose a further study of feline 
corneal sequestra taking patients’ stress related history into account. This study could 
also involve blood and tear samples analysed for stress related markers such as 
adrenaline, noradrenaline and cortisol levels in addition to morphological features. 
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